Abstract-Two major sources of rapid frequency response (RFR) to counter the reducing system inertia problem of the Great Britain (GB) system are "synthetic inertia" from wind turbines and fast demand response (FDR). In this paper, we consider a future low inertia scenario to show the effectiveness of RFR provision from the large offshore wind farms (OWFs) planned in the North Sea (concentrated response) against FDR from loads spread across the GB system (distributed response). The spatial variation in transient frequencies, which can be pronounced in the aftermath of a disturbance and is critical for the response activation of these actuators, is accounted. Case studies using a reduced GB system model show the effectiveness of distributed FDR and concentrated support from OWFs in providing RFR when disturbances occur in different areas of the system where different inertia levels are present.
I. INTRODUCTION
The task of balancing generation and demand in AC systems is one of the main duties of the transmission system operators (TSOs). It relies on different mechanisms operating at different time scales to ensure stable operation. Long term stability (from months to day ahead) is taken care by long term system planning and energy markets. Intraday stability is ensured through real-time generation reserve management by the TSO. At sub-minute scale, stability is ensured by having decentralized primary controllers implemented in the power plant governors [1] . At even smaller time scale, the inertial response of synchronous machines ensures that the instantaneous power demand is matched by generation. The inertial response relies on the kinetic energy stored in the spinning mass of the generators, which is spontaneously delivered to the grid when demand exceeds generation. This causes generators to slow down, making the frequency of the AC system decrease. The inertial response plays a key role during the first few seconds when a short-circuit or a disconnection of a large generator happens at transmission level.
While all synchronous power plants provide inertial response inherently, non-synchronous generation systems (NSGs), such as photo-voltaic (PV) and wind power generators, do not. With the prospect of having more NSGs displacing conventional generation, concerns about frequency transients becoming worse, arise. This issue is especially In the mid 2000's, following the rapid growth of wind generation in Europe, the inertial response from wind power became an active topic of research [3] , [4] , [5] that eventually led to some of the biggest wind turbine manufacturers implementing their own strategies to supply so-called "synthetic inertia" [6] . That is, a fully-controlled artificial mechanism to enable wind turbines to deliver rapid frequency response (RFR) in a similar way as synchronous generators do. This feature has been made available in commercial wind turbines for some time and multiple demonstrations of the concept have been performed. However, no gridcode has made this feature mandatory as yet [7] . Real-time identification of frequency events requiring inertial support is not a trivial task and there are concerns about current procedures for Rate of Change of Frequency (RoCoF) measurement not being fit for purpose [8] . The consequences of wrongly identifying localized voltage transients as incipient frequency events requiring inertial support are not well understood yet but may potentially cause network stability issues.
Whilst synthetic inertia is seen as a feature that will certainly play a role in the control of the power system at some stage, other alternative mechanisms to provide RFR have also been proposed. One notable idea is the use of fast demand response (FDR) triggering a drop in load to produce a similar effect as a boost of generated power [9] , [10] . The implementation of FDR for inertial support presents several practical challenges. For instance, how the amount of support available at a certain time can be estimated and what is the best mechanism to release the RFR are currently being discussed [11] .
One big difference between the characteristics of the RFR wind power can provide against FDR is the geographical spread of the support. While wind power represents relatively large power injections in specific windy locations, DR is spread across the entire AC network. The analysis of how this geographical spread affects the frequency transient has not been discussed before and is the aim of the present paper.
II. REDUCED DYNAMIC EQUIVALENT MODEL OF THE GB TRANSMISSION SYSTEM
The comparison between distributed and concentrated rapid frequency response (RFR) is evaluated on a reduced dynamic equivalent model of the GB transmission system, shown in Fig. 1 . This system has been developed in DIgSILENT PowerFactory by National Grid (NG) for academic research purposes [12] . It consists of 64 lines corresponding to the main transmission corridors in the actual system (at 400 kV) and 36 zones (or buses) representing the principal generation and demand centers. We consider an operating scenario in which the total system demand is 40GW. All synchronous generators are equipped with generic models of governor control (except the nuclear power plants), AVR and PSS and correspond to clusters of generators of the same type located close by geographically. The inertia constants of gas, coal and biomass machines are 4.5s, 3s for hydro units and 5.5s for nuclear generators. The system spinning reserve is kept equal to 1.8GW, according to the maximum possible infeed loss [13] .
The total system level inertia for the considered operating condition is 124.7GWs (99.5GWs in England, 25.2GWs in Scotland) in line with NG projected future scenarios [14] .
Modelling Rapid Frequency Response Actuators

A. Distributed RFR: Fast Demand Side Response (FDR)
The total system demand is formed by two types of aggregate loads at each bus. One is a generic load (Pconstant current, Q-constant impedance) and the other one is a controllable load (P -constant power, Q-constant power) which can represent demand side resources. In particular, we would be only considering domestic refrigerators, which can be controlled to collectively follow a pre-defined power signal [15] . In our study, their aggregate power consumption is approximately 2.56 GW (65 million devices).
B. Concentrated RFR: Offshore Wind Farms (OWF)
Four offshore wind farms (OWF) are connected through DC links to the onshore system at zones Z12, Z16, Z24 and Z25A. These connection points emulate injections from future Round 3 offshore locations: East Anglia (in zone 12), Hornsea (in zone 16) and Dogger Bank (in zones 24 and 25A). It was considered that each OWF generates 2.5GW, totalling 10GW offshore production, in line with NG future scenarios [14] . In addition, 6GW of distributed asynchronous generation is also present across the system.
III. CONTROLLER FOR RAPID FREQUENCY RESPONSE
A. Frequency Measurement and Fast Response Activation
A generic control scheme is considered to activate the different rapid frequency response (RFR) from the concentrated and distributed resources. The scheme is shown in Fig. 2 and it represents the main characteristics of an inertial support controller. Frequency is measured locally through a phase locked loop and then filtered with a low pass filter (with T =100ms) which also accounts for any communication delay. Each support element activates its response according to the available frequency measurement. A frequency dead-band of ±0.1Hz is initially assumed to trigger the response. The new power P * injected (OWF) or consumed (FDR) to provide grid support is considered proportional (with gain K) to the measured frequency derivative, approximated by its rate of change (RoCoF), in order to improve the transient frequency response. Hence:
where P res is the power reserve of each support element and k 0 is a weight factor equal for all of them that marks the reserves deployment. The power P * is bounded for each actuator between 0 (no frequency support provision) and P res (maximum provision). In the simulations presented next we considered that the total power reserve from either distributed or concentrated RFR is 1GW in each case. For each OWF, P res is 10% (increase) of its nominal power output, which in total provides 1GW reserve. In case of FDR, P res for each aggregate load is equal to 39% (reduction) of its nominal power consumption, which is a reasonable value for the considered refrigerators [16] . In addition, k 0 is 1/0.3 (s/Hz).
We define RoCoF in (1) as the rate of change of frequency evaluated over a sliding window size ∆x as in (2):
The RoCoF employed by the control law (1) is calculated over a 1ms window, which is the sampling period.
B. System Regional RoCoFs
The effectiveness of concentrated and distributed RFR towards enhancing the overall system inertial response is compared in terms of RoCoF (see (2)) improvement. It is important to monitor the system RoCoF at the different buses as high RoCoF values could trigger the protections of distributed generators accelerating the frequency fall even further.
Typical time windows for RoCoF based protection varies between 100ms and 500ms [2] and so these values are used for the comparison. Regionality of RoCoF has been identified as a major concern to be accounted in future low inertia systems, as it can vary significantly across the system depending on the fault location and the level of non-synchronous generation connected to the grid. By choosing such longer window lengths, a lower discrepancy between the RoCoF values measured across the system is ensured, as opposed to instantaneous frequency derivative values or shorter window lengths.
IV. SIMULATION RESULTS: PRIMARY RESPONSE
The contribution to RFR provision during the primary response period (which covers up to 30s after the frequency event) is evaluated in this section for the generic control scheme presented in Fig. 2 . We consider the reduced equivalent model of the GB transmission system under the operating scenario previously described in Section II. Two different infeed loss events are investigated -one in the Scottish and one in the English system. The amount of infeed loss corresponds to 1.8GW for the GB grid.
A. Generator outage in the Scottish System
We initially study the outage of a generator unit located in the north of the system at bus 27E that causes a 1.8GW infeed loss. The frequency response at this bus is shown in Fig. 3 without RFR support (grey trace) and with RFR (black trace) either from OWFs or from FDR (both frequency curves are overlapped). It can be observed that, without support, the system frequency nadir is 49.20Hz, close to violate the NG operating limit of 49.20Hz. This frequency nadir is improved up to 49.38Hz with RFR, regardless of more (FDR) or less distributed (OWFs) injections. The new power injections from the OWFs to provide support are captured in Fig. 4(a) and the new FDR power consumption in Fig. 4(b) . In the considered time scale, the same level of reserves is provided by this two means which resulted in the equal frequency curves (black trace) in Fig. 3 . Due to the transient nature of the proposed RFR control (proportional to the frequency derivative) the frequency at steady state converge to 49.62Hz with and without RFR. The recovery phase for the resources that provide RFR is out of the scope of this work.
B. Generator outage in the English System
The disturbance location is one of the factors that has major impact on the system frequency response. We now study the outage of a generator in bus 12, close to the OWF locations in the English east coast, which also leads to a 1.8GW infeed loss in the system. Figure 5 shows the frequency at the bus where the disturbance occurs without RFR (grey trace) and with RFR (black trace) both for OWFs/FDR. It can be seen that, for the same infeed loss, the frequency nadirs are lower than in the previous scenario, now being 49.13Hz without RFR. It is important to point out that the English network is relatively stronger that the Scottish one with a much higher zonal inertia. The power injections associated with this scenario are plotted in Fig. 6 . The power variations seem to be less severe for this outage location if compared with the variations shown previously in Fig. 4 .
V. SIMULATION RESULTS: INERTIAL RESPONSE
The simulation results described in the previous section presented a similar RFR contribution level from distributed FDR resources and big OWFs in the tens of seconds time frame, provided the same activation mechanisms and total level of reserves. Since the spatial variation of transient frequencies can be very pronounced during the initial second after the disturbance event, we focus now in a narrower inertial response time interval of 1 second. The location of the disturbance, the distribution of effective inertia across different regions (mainly caused by non-synchronous generation penetration) and the size of the infeed loss would significantly affect the frequency and its RoCoF during this transient period. We focus now on the RFR contribution to improve the system RoCoF considering again the outage of the same generating units connected to buses 27E and 12.
A. Generator outage in the Scottish System
The initial frequency transients caused by the 1.8GW loss of infeed at bus 27E are plotted in Fig. 7 . Since the disturbance occurs in the Scottish part of the network, which has a low regional inertial, the frequency variation across the different buses is pronounced. However, the measuring and filtering procedure has smoothen these responses, which for future low inertia scenarios can be expected to be more disperse. The benefits of distributed RFR through FDR and concentrated RFR from OWFs in the inertial response frame is evaluated next. The RoCoF after the outage in different system buses is calculated according to (2) and shown separately in Fig. 8 and Fig. 9 using a 100ms and a 500ms measuring window, respectively. Some general conclusions can be extracted from these simulation results:
• RoCoF values can differ a lot across the system, but the use of longer slidding windows to calculate them (e.g. 500ms) tend to homogenize these values. The minimum RoCoF that appears in bus 27E is significantly reduced in Fig. 9 (b) compared to Fig. 8(b buses of the English system (subplots (c)-(f)) and quite reduced (or non existent) for the buses in the Scottish system where the inertia is low (subplots (a)-(b)).
• Comparing the effectiveness of concentrated RFR (orange traces) with the distributed RFR (black traces), the last seem to provide an overall benefit on the system RoCoFs (subplots (e)-(f) in Figs. 8 and 9 ), apart from the locations where the OWFs are connected (subplots (c)-(d)). This is particularly evident in the subplots (e) and (f) of Fig. 8 when, for the 100ms measuring window, not all the RFR from OWFs has been deployed (refer to the activation dead-band in Fig. 7) .
B. Generator outage in the English System
Finally, the RFR contribution in the inertia time scale for the generator outage in bus 12 is also reported. This disturbance in the English system with relatively high inertia. As a result the spatial variation in transient frequencies is less severe than the previous case as seen in Fig. 10 . Under this scenario, the responses from the TCLs and OWFs on the calculated RoCoFs are very similar, as shown in Fig. 11 for the slidding window length of 500ms. These results follow the general conclusions extracted in the previous subsection and also demonstrate the RFR RoCoF improvement across the system.
VI. CONCLUSION
Case studies on a reduced equivalent of the GB transmission system (from National Grid) have been presented to show that RFR from FDR and OWF would both improve the frequency nadir. On the time scale of inertial response, the extent of RFR provision from highly distributed FDR and relatively concentrated OWF could vary depending on the disturbance location and the geographical distribution of effective inertia which among other factors is set by the wind speed condition.
Future work should focus on other problems arising in future low inertia systems such as fault ride-through, angle and voltage stability.
